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The same-sign diboson process pp → W±W±jj has been measured at the LHC using
leptonic decay channels of the W bosons, with production cross sections of two fiducial
regions reported to be consistent with the standard model expectations within 1 sigma.
These results constrain new physics models with a modified W+W+W−W− vertex. We
consider in particular the Georgi-Machacek model in which the quartic W boson vertex
is effectively modified due to mediations of new Higgs bosons in the model. The relevant
gauge-gauge-scalar couplings are all proportional to the vacuum expectation value of the
isospin triplets, which can be of O(10) GeV because of custodial vacuum alignment. Using
the current 8-TeV data at the LHC, we exclude parameter space on the plane of the triplet
vacuum expectation value and the new Higgs boson mass. The expected discovery reach at
the 14-TeV LHC is also studied.
PACS numbers: 12.60.Fr, 14.80.Fd
2I. INTRODUCTION
Since its discovery in 2012 summer, the 126-GeV Higgs boson has attracted a lot of interest in
studying its detailed properties. Most of such studies are trying to address the question whether
it is exactly the one predicted by the Standard Model (SM) or, equivalently, whether it is one of
scalar bosons in models with an extension of the Higgs sector. An extended Higgs sector generally
leads to a modification of cross sections of various SM processes due to an effect of additional Higgs
bosons. It is therefore an important program to study how we can extract the structure of the
Higgs sector from modified cross sections.
Recently, the ATLAS Collaboration presented the first measurement of the pp → W±W±jj
process with leptonic decays of the W bosons based on their 20.3 fb−1 collision data at
√
s =
8 TeV [1]. They determined the production cross sections in both inclusive and vector boson
scattering (VBS) fiducial regions, with the latter being a subset of the former and more sensitive
to electroweak processes. Such data provide constraints on the size of effective W+W+W−W−
vertex that can be significantly modified by mediations of doubly-charged Higgs bosons H±±; i.e.,
W±W± → H±± →W±W± through the W±W±H∓∓ couplings.
The magnitude of W±W±H∓∓ couplings is proportional to the vacuum expectation value
(VEV) of an additional Higgs multiplet with a representation larger than the isospin doublet.
Usually, such a VEV is constrained to be smaller than a few GeV by the electroweak ρ parameter, as
is the case in, e.g., the minimal Higgs triplet model [2]. In this case, the modification in the quartic
W boson coupling is sufficiently small to be neglected. However, this constraint is circumvented
in the Georgi-Machacek (GM) model [3] in which a pair of complex and real triplet fields with
vacuum alignment are introduced, thereby preserving the custodial symmetry and permitting an
O(10) GeV triplet VEV1. Even though a Higgs sector with an isospin septet field also maintains
ρ = 1 at tree level [6], it has an accidental U(1) symmetry that could lead to an unwanted Nambu-
Goldstone (NG) boson once it is spontaneously broken. We therefore consider the GM model as
the minimal well-defined model.
In addition to large W±W±H∓∓ vertices, such a large triplet VEV also gives rise to sizeable
ZW±H∓ vertices, where H± are physical singly-charged Higgs bosons. The ZW±H∓ vertices are
1 If this alignment of triplet VEV’s is relaxed, the upper bound on the triplet VEV’s can be similar to that in the
minimal triplet Higgs model. In such a case, the W±W± → H±± → W±W± process is negligible, and the pair
production pp → H++H−− and the associated production with singly-charged Higgs bosons pp → H±±H∓ can
be used for the H±± production at the LHC. From the same-sign dilepton data at the LHC with the collision
energy to be 7 TeV, the lower bound for the mass of H±± has been derived to be about 400 GeV [4] and about
60 GeV [5] when H±± mainly decay into the same-sign leptons and dibosons, respectively.
3known to be small in multi-doublet models, because they appear at loop levels [7–9]. The size of
the vertices is also suppressed in the minimal Higgs triplet model due to the small triplet VEV,
similar to the case ofW±W±H∓∓ vertices. Thus, the measurement of ZW±H∓ vertices is another
probe of the GM model. The feasibility studies of measuring the ZW±H∓ vertices have been done
in Refs. [10–12] for the LHC, and in Refs. [13, 14] for future linear colliders.
Furthermore, the large triplet VEV deviates the coupling constants for the SM-like Higgs boson
h with the weak gauge bosons hV V and the fermions hff¯ from their SM values. Unlike the Higgs
sector composed of only singlets and doublets, the hV V couplings can be larger than the SM
predictions as a result of the larger isospin representation, serving as a distinctive feature of the
GM model.
In this work, we compare the cross section of the VBS region driven by the data with its
prediction in the GM model. We then show that a significant portion of the parameter space has
been ruled out by the ATLAS data. We also estimate the discovery reach for the new Higgs bosons
using the same process at the 14-TeV LHC. Based on the above constraint, one can find an upper
bound on the triplet VEV for each given mass of the new Higgs bosons. This upper bound in turn
determines possible ranges of the hV V and hff¯ coupling constants and thus the signal strengths
for the gg → h→ V V modes in a very predictive way.
This paper is organized as follows. The GM model is briefly reviewed in Section II. Section III
shows our primary results based on the latest ATLAS data. Our findings are summarized in
Section IV.
II. GEORGI-MACHACEK MODEL
The Higgs sector in the GM model is composed of an isospin doublet field, φ, with hypercharge
Y = 1/2, a complex triplet field, χ, with Y = 1, and a real triplet field, ξ, with Y = 0, where the
electric charge Q is given by Q = T3 + Y with T3 being the third component of the isospin. These
fields can be expressed in the SU(2)L × SU(2)R covariant form as:
Φ =

 φ0∗ φ+
−(φ+)∗ φ0

 , ∆ =


χ0∗ ξ+ χ++
−(χ+)∗ ξ0 χ+
(χ++)∗ −(ξ+)∗ χ0

 . (1)
4The neutral components are parameterized as
φ0 =
1√
2
(vφ + φr + iφi),
χ0 = vχ +
1√
2
(χr + iχi), ξ
0 = vξ + ξr, (2)
where vφ, vχ and vξ are the VEV’s of φ, χ and ξ, respectively. Under the SU(2)L×SU(2)R×U(1)Y
symmetry, the most general Higgs potential contains four dimensionful and five dimensionless
parameters, and its explicit form can be found, for example, in Ref. [15].
When the two triplet fields develop aligned VEV’s, vχ = vξ ≡ v∆, the SU(2)L × SU(2)R
symmetry reduces to the custodial SU(2)V symmetry. In that case, theW boson massmW and the
Z boson mass mZ have the same form as in the SM; i.e., m
2
W = g
2v2/4 andm2Z = g
2v2/(4 cos2 θW ),
where v2 is related to the Fermi constant GF by v
2 ≡ v2φ + 8v2∆ = 1/(
√
2GF ), and θW is the weak
mixing angle. Therefore, the electroweak ρ parameter defined by ρtree ≡ m2W /(m2Z cos2 θW ) is unity
at tree level.
The component scalar fields can be classified into irreducible representations of SU(2)V mul-
tiplets. The scalar fields from the doublet Φ are decomposed as 2 ⊗ 2 = 3 ⊕ 1, and those from
the triplet ∆ as 3 ⊗ 3 = 5 ⊕ 3 ⊕ 1. As a result, we have one 5-plet, two 3-plet and two singlet
representations, where the latter two can mix with each other with mixing angles θH and α. The
mixing angle θH is defined by sin θH = 2
√
2v∆/v, while α is determined by the quartic coupling
constants in the Higgs potential. The 5-plet states are physical and denoted by (H±±5 ,H
±
5 ,H
0
5 ). On
the other hand, one linear combination of the two 3-plets corresponds to the NG bosons (G±, G0)
that become the longitudinal components of the W and Z bosons, respectively. The other linear
combination gives the physical 3-plet Higgs bosons (H±3 ,H
0
3 ). Furthermore, after diagonalizing
the mass matrix for the two SU(2)V singlet fields, we obtain two CP-even neutral Higgs bosons.
One of them should be identified as the 126-GeV Higgs boson at the LHC. Due to the custodial
symmetry, Higgs bosons belonging to the same SU(2)V multiplet are degenerate in mass.
Seven of the nine parameters in the Higgs potential can be converted into the following physical
parameters: four mass parameters for the 5-plet, 3-plet and two singlet Higgs bosons, one mixing
angle α, and two VEV’s v and v∆. The remained two parameters, which are given as the coefficients
of the trilinear scalar vertices, enter the mass formulas of the Higgs bosons. One can tune the two
parameters to realize the decoupling limit, where the 5-plet, 3-plet and one of the singlet Higgs
bosons are much heavier than the electroweak scale. These parameters can be constrained by such
theoretical arguments as perturbative unitarity [16] and vacuum stability [17].
In the following, we summarize a few characteristic features of the GM model. First, the triplet
5VEV v∆ can be O(10) GeV, with an upper limit of about 80 GeV as required by the perturbativity
of the top Yukawa coupling. Such a large triplet VEV gives rise to distinctive phenomenology in
collider experiments [15, 18–20].
Second, the hV V couplings (V =W,Z) for the SM-like Higgs boson h can be larger than their
SM values. The ratios of the hV V and hff¯ couplings to their respective SM values are given by
chV V = cHcα +
√
8
3
sHsα, chff =
cα
cH
, (3)
where cH , sH , cα and sα are respectively cos θH , sin θH , cosα and sinα. It is the group factor√
8/3 in chV V that makes it possible for the hV V couplings to be larger than their SM values.
This feature is not shared by models extended with only multi-doublets and/or singlets. Therefore,
chV V > 1 is one crucial signature to identify the GM model, particularly when v∆ is sizeable.
Finally, the 3-plet Higgs bosons are “fermion-philic”; i.e., they couple to fermions due to their
components from Φ through mixing, but they do not couple to the weak gauge bosons. In fact,
properties of the 3-plet Higgs bosons are quite similar to those of the CP-odd and singly-charged
Higgs bosons in the Type-I two Higgs doublet model. Its phenomenology has been studied a lot
in the literature [21]. On the contrary, the 5-plet Higgs bosons are “gauge-philic”; namely, they
have interactions with the weak gauge bosons, but they do not couple to SM fermions because they
involve purely components in the ∆ field. Thus, they decay dominantly into gauge boson pairs 2.
Magnitudes of the 5-plet Higgs couplings with the weak bosons are all proportional to v∆:
(H±±5 W
∓W∓) :
g√
2
mW sH , (H
±
5 W
∓Z) : −gmZsH ,
(H05W
+W−) : −gmW sH√
3
, (H05ZZ) :
2gmZsH√
3cW
. (4)
When v∆ is large, cross sections of the VBS processes can be significantly modified due to the
mediation of the 5-plet Higgs bosons through the above vertices. We therefore expect the cross
section measured by ATLAS to impose a strong constraint on the model.
III. CURRENT LHC CONSTRAINT
For the same-sign diboson process of pp → jjW±W± with W± → ℓ±ν (ℓ = e, µ) measured
by the ATLAS [1], the 5-plet Higgs bosons H±±5 and H
0
5 can contribute through s-channel and
t-channel, respectively. For definiteness, we fix the hV V couplings at their SM values. We have
2 When the mass of the 3-plet Higgs bosons is smaller than that of the 5-plet Higgs bosons, the latter can decay
into the former and a weak gauge boson.
6checked that the VBS cross section varies by less than 1% when the hV V couplings are changed
by 30% and, therefore, the bound on v∆ is essentially unchanged within the range. Under this
assumption, the modification of the VBS cross section of pp→ jjW±W± process depends only on
v∆ and mH5 , the mass of H
±±
5 and H
0
5 .
In Ref. [1], the signal events are classified as the inclusive region and the VBS region. In both
of the cases, the following basic kinematic cuts are imposed:
pℓT > 20 GeV, p
j
T > 30 GeV, ET/ > 40 GeV,
|ηℓ| < 2.5, |ηj | < 4.5,
∆Rℓℓ > 0.3, ∆Rjj > 0.4, ∆Rℓj > 0.3,
Mjj > 500 GeV, Mℓℓ > 20 GeV, (5)
where pXT , and η
X and MXX are the transverse mass and pseudorapidity for X, respectively. The
distance between X and Y is denoted by ∆RXY , and ET/ is the missing transverse energy. The
signal events for the inclusive region are obtained by only taking the above cuts. For the VBS
region, one further imposes the following cut:
|∆yjj| > 2.4, (6)
where ∆yjj is the rapidity difference between the dijets. We note that the cross section of the
inclusive region includes contributions from both electroweak and strong processes, while that of
the VBS region mainly the electroweak processes due to the cut in Eq. (6).
From the measured pp → jjℓ±ℓ±ET/ events and Monte Carlo background simulations,
the fiducial cross sections for the inclusive and VBS regions are respectively derived to be
2.1±0.5(stat)±0.3(sys) fb and 1.3±0.4(stat)±0.2(sys) fb [1]. The corresponding SM cross sec-
tions quoted in Ref. [1] are 1.52± 0.11 fb and 0.95±0.06 fb. Therefore, the SM predictions are
consistent with the measured fiducial cross sections within 1σ.
In the following numerical analysis, we use MadGraph5 [22] for simulations and CTEQ6L for the
parton distribution functions. Before comparing the cross sections in the GM model with the
fiducial values, we first calibrate the SM cross sections. Our SM simulations give the inclusive
cross section as 1.66 fb and the VBS cross section as 1.06 fb. We will thus multiply the factors
0.92 (=1.52 fb/1.66 fb) and 0.90 (=0.95 fb/1.06 fb) to the cross sections simulated in our analysis
in the inclusive and VBS regions, respectively. We confirm that the VBS region has a better
sensitivity than the inclusive region. For example, using the analysis based on the VBS (inclusive)
region, we obtain in the case of mH5 = 200 GeV the upper limit of 27 GeV (32 GeV) at the 68%
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FIG. 1: (Left) Excluded regions on the mH5-v∆ plane by the 8-TeV LHC data at 68% and 95% CL. (Right)
Contours of required luminosity for a 5-sigma discovery at the 14-TeV LHC on the mH5 -v∆ plane. As a
comparison, regions above the dashed curves in both plots are excluded by the Rb data at 95% CL, where
the horizontal axis should be read as the mass of 3-plet Higgs bosons, mH3 .
CL and 33 GeV (40 GeV) at the 95% CL for v∆. Therefore, we concentrate on the VBS cross
section in the following analysis.
The left plot in Fig. 1 shows the excluded parameter region on the mH5- v∆ plane according to
the current 20.3 fb−1 data of 8-TeV LHC. The region above the black (red) curve is excluded at the
68% (95%) CL. The most severe upper bound on v∆ is about 30 GeV at the 95% CL in the case
of mH5 = 200 GeV. When a larger value of mH5 is taken, the bound on v∆ becomes more relaxed
due to smaller production cross sections. When mH5 is taken to be smaller than about 200 GeV,
a milder bound on v∆ is also obtained, as more events from the 5-plet Higgs bosons are rejected
by the kinematic cuts in Eq. (5). As a comparison, we also show by the green dashed curve in this
plot the constraint from the measurement of Rexpb = 0.21629± 0.00066 [25], which depends on the
mass of 3-plet Higgs bosons mH3 and v∆ [15, 26]. The region above the dashed curve is excluded
at 95% CL.
By applying the same analysis for the VBS region to the case of 14-TeV collisions, one can
calculate expected cross section deviations from the SM predictions for different luminosities. In
the right plot of Fig. 1, we show the expected 5-sigma reach for excess in the pp → jjW±W±
process at the 14-TeV LHC on the mH5- v∆ plane. The integrated luminosity is assumed to be 30,
100 and 300 fb−1 for the three curves. Similar to the analysis of 8-TeV data, the discovery reach
becomes the largest at around mH5 = 200 GeV, where a 5-sigma discrepancy is expected in the
cases of v∆ & 24, 17 and 12 GeV for the luminosity of 30, 100, 300, and 3000 fb
−1, respectively.
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FIG. 2: The green region on the α-v∆ plane marks the region where µV V , defined in Eq. (7), are within
1.0 ± 0.1. The contours for the hV V coupling ratio, chV V , and those for the hff coupling ratio, chff , are
also superimposed as blue dashed and red dotted curves, respectively.
The constraint from Rb is also displayed in this plot.
Fig. 2 shows the contours of signal strengths for the h→ V V channel defined by
µV V ≡
σ(gg → h)× B(h→ V V )
σ(gg → h)SM × B(h→ V V )SM , (7)
from the gluon fusion production mechanism, where σ(gg → h) and B(h → V V ) are respectively
the gluon fusion cross section and the branching ratio of the h → V V decay. It is seen that even
in the case with µV V ≃ 1 as favored by the current LHC data, there are regions with chV V > 1.
This is because the enhancement in B(h → V V ) is compensated by the suppression in the gluon
fusion cross section due to chff < 1. This signifies the importance of studying the VBS process
in addition to the gluon fusion process in order to reliably fix the exact values of hV V and hff
couplings. Signatures of enhanced VBS processes in the GM model at the LHC had been studied
in Ref. [20].
Finally, we comment on precision measurements of the hV V couplings at future collider exper-
iments such as the High-Luminosity LHC (HL-LHC) and the International Linear Collider (ILC).
At the ILC, the hV V couplings are supposed to be measured at about 1 % accuracy [23, 24] with
the 500-GeV collisions and an integrated luminosity of 500 fb−1. By combining the independent
measurements of µV V at the HL-LHC and the hV V couplings at the ILC, we will be able to de-
termine parameters of the GM model, such as α and masses of extra Higgs bosons 3 even if we
3 When chV V 6= 1 is found in future experiments, one can obtain upper limits on the masses of extra Higgs bosons
9cannot directly discover them at the early stage.
IV. CONCLUSIONS
We have studied the constraint on the GM model based on the first measurement of the same-
sign diboson process pp→W±W±jj by the ATLAS Collaboration. In the GM model, the doubly-
charged and neutral Higgs bosons in the SU(2)V 5-plet contribute to the above process. Because
the gauge-gauge-scalar vertices for the 5-plet Higgs bosons are all proportional to the triplet VEV
v∆, we have established the excluded parameter space on the mH5-v∆ plane. For example, we have
found that the upper bound on v∆ is about 30, 37 and 55 GeV for the case of mH5 = 200, 400 and
600 GeV at the 95% CL, respectively. We have also analyzed the expected 5-sigma reach for the
same process at the 14-TeV LHC. As an example, assuming the integrated luminosity of 300 fb−1,
we expect a 5-sigma deviation for v∆ = 12, 19 and 38 GeV when mH5 = 200, 500 and 1000 GeV,
respectively.
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